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Abstract 

LiNii_vTix02  (0  <  x  <  0.1)  compounds  have  been  synthesized  by  a  direct  molten-salt  method  that  uses  a  eutectic  mixture  of  LiNCL  and  LiOH 
salts.  According  to  X-ray  diffraction  analysis,  these  materials  have  a  well-developed  layered  structure  (R3-m)  and  are  an  isostructure  of  LiNi02- 
The  LiNii  vTijCb  (0  <  x  <  0. 1)  compounds  have  average  particle  sizes  of  1-5  p,m  depending  on  the  amount  of  Ti  salt.  Charge-discharge  tests 
show  that  a  LiNi|_ATiJt02  (0  <x  <  0.1)  cathode  prepared  at  700  °C  has  an  initial  discharge  capacity  as  high  as  171  mAhg-1  and  excellent  capacity 
retention  in  the  range  4. 3-2. 8  V  at  a  current  density  of  0.2  mA  cm-2. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

One  of  the  most  important  power  sources  is  the  recharge¬ 
able  lithium-ion  battery.  The  compound  LiCoOj  is  an  excellent 
positive  electrode  (cathode)  material  with  good  reversibility  and 
rate  capability,  but  it  suffers  from  high  cost  and  cobalt  is  toxic. 
Therefore,  much  effort  has  been  made  to  develop  cheaper  and 
more  environmentally  friendly  cathode  materials  than  LiCo02. 
In  recent  years,  layered  LiNi02  has  been  studied  extensively 
[1,2]  as  a  possible  alternative  to  LiCo02  because  of  its  low  cost 
and  a  large  theoretical  capacity  (275  mAhg^1). 

Stoichiometric  LiNiCE  is  known  to  be  difficult  to  synthe¬ 
size  and  its  multi-phase  reactions  during  electrochemical  cycling 
lead  to  structural  degradation  [3].  During  the  charge  process, 
LiNitE  undergoes  a  sequential  change  in  crystal  structure  from 
the  hexagonal  phase  to  the  monoclinic  phase,  to  the  hexagonal 
phase  again,  then  two  hexagonal  phases,  and  finally  a  single 
hexagonal  phase  [4].  There  is  also  concern  over  the  thermal 
stability  of  LiNi<E  in  the  charged  state.  To  overcome  the  diffi¬ 
culties  of  synthesis  and  structural  instability  during  cycling  and 
to  improve  the  thermal  safety,  the  nickel  ion  has  been  substituted 
by  various  metal  ions  (e.g.,  Mg,  Al,  Mn,  Ga)  [5-8].  It  has  been 
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reported  that  the  substitution  process  stabilizes  the  crystal  struc¬ 
ture  of  the  material  during  the  intercalation/deintercalation  of 
lithium  ions,  even  in  an  overcharged  state,  and  there  by  improves 
LiNi02  cycleability. 

A  molten-salt  method  has  been  found  to  be  a  simple  means 
to  prepare  pure  and  stoichiometric  powders  of  multi-component 
oxides,  in  which  the  molten  salts  are  utilized  as  solvent  or  react¬ 
ing  species  [9,10].  Since  the  diffusion  rates  of  the  components  in 
molten  salts  are  much  higher  than  those  in  a  solid-state  reaction, 
the  various  powders,  such  as  LiCoCb,  can  be  prepared  at  signif¬ 
icantly  lower  temperatures  [11].  Han  et  al.  [11,12]  have  inves¬ 
tigated  the  preparation  of  LiCotE  and  LiCoo.8Mo.2O2  (M  =  Al, 
Ni)  by  molten-salt  synthesis. 

In  this  study,  stochiometric  LiNi  1  _ATiA02  (0  <  x  <  0. 1 )  pow¬ 
ders  are  prepared  by  direct  molten-salt  synthesis  using  eutectic 
mixtures  of  LiN03  and  LiOH  molten  salts.  The  effect  of  titanium 
on  the  structure  and  electrochemical  properties  of  LiNi]_ATiA02 
(0  <  x  <  0. 1)  compounds  has  been  investigated. 

2.  Experimental 

LiNii_ATiv02  (0  <  x<  0.1)  was  prepared  by  direct  molten- 
salt  synthesis  using  appropriate  amounts  of  Ni(OH)2  and 
(NH4)2Ti0(C204)2-H20.  A  0.59LiNO3-0.41LiOH  flux  was 
used  as  the  lithium  salt  and  had  a  melting  point  of  183  °C.  A 
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stoichiometric  ratio  of  Ni(OH)2,  (NH4)2Ti0(C204)2-H20  and 
a  large  excess  of  0.59LiNO3-0.41LiOH  flux  was  prepared;  the 
molar  ratios  for  the  metal  salts  were  1,  5  and  10,  respectively. 
The  Ni-Ti  ions  to  Li-salt  flux  molar  ratio  is  defined  here  as  F. 
The  mixture  was  heated  at  600-800  °C  under  an  oxygen  atmo¬ 
sphere  for  30  h.  The  heating  rate  was  fixed  at  200  °Ch-1  for  all 
the  temperature  settings.  After  the  heating,  the  resulting  powders 
were  cooled  to  ambient  temperature  and  the  residual  fluxes  were 
removed  by  washing  with  distilled  water  and  1  M  acetic  acid 
solution  for  30  min.  Finally,  the  powders  were  dried  at  120  °C 
for  12  h. 

To  investigate  the  crystal  structure,  the  prepared  powders 
were  characterized  by  X-ray  diffraction  using  a  Rigaku  DMAX- 
IIIA  diffractometer  equipped  with  a  Cu  target.  The  scan  data 
were  collected  in  the  29  range  of  15-90°.  The  step  size  was 
0.020°  with  a  counting  time  of  0.4  s.  Rietveld  refinement  [13] 
was  performed  on  the  X-ray  diffraction  profiles  to  confirm  the 
crystal  structure.  The  peak  shape  was  described  by  a  pseudo- 
Voigt  function.  The  background  level  was  defined  by  a  polyno¬ 
mial  function. 

The  valence  states  of  the  transition  metal  ions  were  inves¬ 
tigated  by  X-ray  photoelectron  spectroscopy  (XPS).  The  XPS 
spectra  were  obtained  by  means  of  a  PHI  (Physical  Electronics) 
5800  spectrometer  with  an  Al  Kct  X-ray  source  (1486. 6eV). 

The  electrochemical  properties  of  the  powders  were  exam¬ 
ined  by  using  a  two-electrode  electrochemical  cell.  The  cathodes 
were  prepared  by  mixing  20  mg  of  each  Li  N  i  i  _YTiA02  (x  =  0, 
0.025,  0.05,  0.1)  compound  with  12  mg  of  conductive  binder 
(8  mg  of  Teflonized  acetylene  black  and  4  mg  of  graphite),  press¬ 
ing  the  resulting  mixture  between  two  aluminum  plates,  and 
then  vacuum  drying  overnight  at  120  °C.  Lithium  metal  and 
a  polypropylene  film  served  as  the  anode  and  the  separator, 
respectively.  The  electrolyte  was  1  M  LiPF6  in  1 : 1  mixture  by 
volume  of  ethylene  carbonate/dimethyl  carbonate  (EC/DMC). 
The  entire  cell  was  assembled  in  a  glove  box.  The  electrochem¬ 
ical  performances  of  the  various  compounds  were  evaluated  by 
cycling  in  the  2. 8-4. 3  V  (versus  Li/Li+)  range  at  a  current  density 
of  0.2  mA  cm-2  at  room  temperature. 

Differential  scanning  calorimetry  (DSC)  experiments  were 
conducted  on  LiNi02  and  LiNio.9Tio.1O2  samples  charged  to 
4.5  V  for  24  h.  The  data  were  acquired  at  a  scan  rate  of 
10  °C  min-1  in  the  temperature  range  of  50-400  °C. 

3.  Results  and  discussion 

The  effect  of  calcination  temperature  on  the  formation  of 
LiNi0.95Ti0.05O2  is  investigated.  The  XRD  patterns  recorded 
for  LiNi0.95Ti0.05O2  calcined  at  different  temperatures  for  30  h 
using  the  same  amount  of  LiN03-LiOH  flux,  i.e.,  F=  10,  are 
shown  in  Fig.  1.  The  material  calcined  at  600  °C  shows  very 
broad  peaks,  which  indicates  low  crystallinity.  Although  all 
the  peaks  are  indexable  in  the  hexagonal  lattice,  calcination  at 
600  °C  is  not  sufficient  to  impart  any  hexagonal  lattice  ordering 
of  the  lattice.  Increasing  the  calcination  temperature  to  700  °C 
results  in  very  sharp  diffraction  peaks.  This  suggests,  complete 
hexagonal  lattice  ordering.  Further  increase  of  the  calcination 
temperature  to  800  °C  causes  a  clear  split  of  the  (006)  and 
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Fig.  1 .  X-ray  powder  diffraction  patterns  of  LiNi0.95Ti0.05O2  powders  synthe¬ 
sized  at  various  temperatures  for  30  h  in  F=  10  system:  (a)  600  °C;  (b)  700  °C; 
and  (c)  800  °C. 

(10  2)  peaks  and  good  symmetry  of  the  (10  8)  and  (110)  peaks. 
Although  there  is  very  little  difference  between  the  samples  cal¬ 
cined  at  700  and  800  °C,  the  lower  calcination  temperature  is 
more  advantageous.  From  these  results,  the  optimum  calcina¬ 
tion  temperature  is  taken  as  700  °C. 

The  effect  of  flux  ratio,  F,  on  the  formation  of 
LiNi0.95Ti0.05O2  was  studied  for  calcination  at  700  °C  for  30  h. 
The  XRD  patterns  of  the  powders  prepared  using  different  F- 
values  that  range  from  1  to  10  are  presented  in  Fig.  2.  Single¬ 
phase  LiNi0.95Ti0.05O2  powders  were  obtained  under  two  con¬ 
ditions,  F=  5,  10.  Scanning  electron  images  of  LiNi0.95Ti0.05O2 
powders  prepared  using  different  amounts  of  LiOH-LiNOy  are 
shown  in  Fig.  3.  As  the  amount  of  LiOH-LiN03  salt  increases, 
the  average  particle  size  becomes  smaller  and  the  distribution 
of  particle  size  becomes  narrower.  It  seems  that  the  presence 
of  a  large  quantity  of  molten-salt  phase  probably  aids  the  for¬ 
mation  of  the  LiNii_  vTiA02  phase  and  hinders  particle  growth. 
Therefore,  further  studies  were  conducted  on  the  F=  10  system. 
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Fig.  2.  X-ray  powder  diffraction  patterns  of  LiNi0.95Ti0.05O2  powders  synthe¬ 
sized  using  different  amounts  of  molten-salt  flux  at  700  °C  for  30  h:  (a)  F=  1 
(solid-state  reaction);  (b)  F=  5;  and  (c)  F=  10. 
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Fig.  3.  Scanning  electron  micrographs  of  LiNi0.95Ti0.05O2  powders  calcined  at  700  °C  for  30  h  using  various  molten-salt  flux:  (a)  F=  1;  (b)  F=  5;  and  (c)  F=  10. 


The  XRD  patterns  of  Li  Ni  i_ATiA02  powders  synthesized  at 
700  °C  for  30  h  using  the  same  amount  of  molten  salt  as  F  =  1 0 
are  shown  in  Fig.  4.  The  XRD  lines  are  quite  narrow  for  all  of  the 
samples,  which  indicates  quite  good  crystallinity  of  the  materi- 
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Fig.  4.  X-ray  powder  diffraction  patterns  ofl.iNi]  ,11,02  samples. 


als.  The  intensity  ratio  of  the  (0  0  3)  peak  to  the  (104)  peak  has 
a  relatively  high  value  of  1.3-1. 5.  The  ratio  is  generally  used  to 
examine  the  crystallinity  of  the  LiNiCF  phase  [14].  The  pattern 
also  shows  a  clear  split  of  the  (00  6)  and  (102)  peaks  and  a 
good  symmetry  of  the  (10  8)  and  (110)  peaks.  According  to 
XRD  analysis,  the  LiNii_ATiv02  (x  =  0,  0.025,  0.05,  0.1)  com¬ 
pounds  are  found  to  be  isostructural  with  LiNiC>2,  which  has  the 
rhombohedral  layered  structure  ( R3-m ).  As  the  titanium  content 
increases,  all  of  the  peaks  shift  slightly  towards  lower  diffraction 
angles  because  of  the  titanium  ions  substituted  in  the  nickel  sites 
[41. 

The  Rietveld  refinement  gave  factors  and  the  structural 
parameters  that  were  in  good  agreement  with  those  obtained 
by  Croguennec  et  al.  [15].  Increase  in  the  a  and  c  parameters 
with  increasing  amount  of  Ti  ion  is  observed.  This  is  because  of 
the  larger  size  of  the  titanium  ions  (Ti4+  =  0.605)  compared  with 
the  Ni3+  ions  (r  =  0.56).  The  lattice  constants  a  and  c,  as  well  as 
the  da,  [/oo6  +h 02]/7i o  l  and  /(O03)/Ai04)  ratios  are  summa¬ 
rized  in  Table  1.  The  R-factor,  which  was  defined  by  Reimers 
et  al.  [16]  as  [/oo6+^i02]/7ioi-  should  be  at  a  minimum  in  a 
system  with  good  hexagonal  ordering. 

From  XPS  analysis,  the  valence  states  of  the  Ti  and  Ni  ions 
are  found  to  be  Ti4+  and  Ni3+  and  a  small  amount  of  divalent 
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Binding  Energy  (eV) 


Fig.  5.  XPS  data  of  LiNi0.95Ti0.05O2  sample. 


nickel  ion  is  detected,  as  shown  in  Fig.  5.  Ti  2p3/2  lines  with  bind¬ 
ing  energy  (BE)  of  457.5  eV  correspond  to  Ti(IV).  The  major 
Ni  2p3/2  line  with  a  binding  energy  of  855.1  eV  and  a  shoulder 
with  a  binding  energy  of  854.3  eV  correspond  to  Ni3+  and  Ni2+, 
respectively.  The  tetravalent  titanium  ions  substitute  for  biva¬ 
lent  nickel  ions  in  LiNi02  and  induce  the  presence  of  an  equal 
amount  of  Ni2+  ions  for  charge  compensation.  The  existence  of 


divalent  nickel  ions  in  LiNiCB  causes  the  formation  of  lithium 
oxide  impurities,  and  results  in  the  presence  of  nickel  ions  in 
the  lithium  layer  (3b  site),  that  hinder  the  smooth  transport  of 
lithium  ions  through  the  lithium  plane. 

Scanning  electron  micrographs  of  LiNii_A-TiY02  powders 
prepared  at  700  °C  for  30  h  are  presented  in  Fig.  6.  Obviously, 
morphological  changes  occur  as  the  amount  of  Ti  increases.  The 


Fig.  6.  Scanning  electron  micrographs  of  LiNii-^Ti^C^  samples  (a)  *  =  0;  (b)  x  =  0.025;  (c)  *  =  0.05;  and  (d)  *  =  0.1. 
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Table  1 

Lattice  parameters,  structural  parameters  of  LiNii_ATiv02  (x  =  0,  0.025,  0.05, 

0.1) 


Composition 

flhex  (A) 

Chex  (A) 

da 

14)06  + 1[  02]/ 
hoi 

4)03/ 

bo4 

LiNi02 

2.874 

14.187 

4.936 

0.53 

1.452 

LiNio.975Tio.025C>2 

2.876 

14.213 

4.942 

0.53 

1.323 

LiNi0.95Ti0.05o2 

2.885 

14.239 

4.935 

0.55 

1.232 

LiNio.9Tio.102 

2.891 

14.256 

4.931 

0.45 

1.153 

LiNiCL  powders  are  smooth-edged  polyhedral  and  their  average 
size  is  approximately  3-5  |xm.  The  LiNi  |_vTiA02  (x  =  0. 1 )  sam¬ 
ple,  however,  has  close  to  spherical  morphology  and  an  average 
particle  size  of  less  than  1  pm.  As  the  amount  of  Ti  increases, 
the  average  particle  size  becomes  smaller  and  the  distribution  of 
particle  size  becomes  narrow. 

Charge-discharge  curves  between  2.8  and  4.3  V  at  a  con¬ 
stant  current  density  of  0.2  mA  cm-2  are  presented  in  Fig.  7  for 
LiNi  i_tTiA02  cathodes.  The  LiNio.975Tio.o25C>2  sample  has  an 
initial  capacity  of  1 7 1  mA  h  g_  1  and  a  value  of  1 64  mA  h  g_  1  on 
the  30th  cycle.  Thus,  the  material  displays  remarkable  capacity 
retention.  The  electrochemical  performance  of  LiNii_ATiv02  is 
superior,  or  comparable  with  that  of  the  LiNiCL  system.  Since 
Ti4+  is  not  electrochemically  active  in  the  voltage  range  of 
4. 3-2. 8  V,  the  capacity  decreases  almost  linearly  as  the  titanium 
increases.  The  existence  of  divalent  nickel  ions  in  the  LiNi02 
system  may  be  responsible  for  the  poor  capacity  and  irreversible 
capacity  loss  of  the  LiNiC>2  system.  In  fact,  good  electrochem¬ 
ical  performance  of  LiNii_ATiA02  (x  =  0,  0.025,  0.05,  0.1)  is 
achieved  by  preventing  the  migration  of  impurity  Ni2+  ions  into 
the  lithium  plane  by  substituting  tetravalent  titanium  ions  into 
the  structure. 

The  results  of  differential  scanning  calorimetry  tests  are 
shown  in  Fig.  8.  These  were  performed  to  study  the  thermal  sta¬ 
bility  of  the  LiNii_ATiv02  materials,  especially  in  the  charged 


Fig.  7.  Evolution  of  charge  and  discharge  capacities  with  number  of  cycles  of 
LiNi i  ATir02  Lr-0,  0.025,  0.05,  0.1)  cells  at  current  density  of  0.2mA cm-2 
between  2.8  and  4.3  V. 


Temperature  (°C) 

Fig.  8.  Differential  scanning  calorimetry  profiles  (10°C  min-1)  of  (a)  LiNiC>2; 
and  (b)  LiNio.9Tio.1O2  charged  at  4.5  V  for  24  h. 

state.  The  DSC  profile  of  LiNiCF  charged  to  4.5  V  has  a  sharp 
exothermic  peak  at  about  220  °C.  This  peak  is  obviously  of  great 
safety  concern  for  Li-ion  batteries  using  LiNiC>2  as  the  cathode 
material  [17].  As  shown  in  Fig.  8(b),  LiNio.9Tio.1O2  material 
has  much  smaller  exothermic  reaction  at  about  230  °C.  This 
indicates  that  LiNio.9Tio.1O2  has  better  thermal  safety  charac¬ 
teristics  than  LiNi02- 

4.  Conclusions 

LiNi1_ATiA02  (0  <x<0.1)  powders  are  synthesized  as  an 
alternative  cathode  material  for  lithium  batteries  by  a  direct 
molten-salt  method  using  a  eutectic  mixture  of  LiNOs  and  LiOH 
salts.  The  valency  states  of  the  transition  metals  are  Ti(IV)  and 
Ni(III),  as  determined  by  XPS  studies.  The  particles  of  the 
LiNi  1  -ATiA02  (0  <.*<0.1)  powders  have  spherical  morphol¬ 
ogy.  A  LiNio.975Tio.o2502  cathode  exhibits  an  initial  discharge 
capacity  of  171mAhg-1  and  an  excellent  capacity  retention 
over  30  cycles.  Its  electrochemical  performance  is  superior  to 
that  of  the  LiNi02  system.  Differential  scanning  calorimetry 
experiments  revealed  that  LiNio.9Tio.1O2  has  better  thermal  sta¬ 
bility  than  LiNi02  cathode  material. 
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